14 Although root traits play a critical role in mediating plant-plant interactions and resource acquisition from 15 the soil environment, research examining if and how belowground competition can influence the 16 evolution of root traits remains largely unexplored. Here we examine the potential that root traits may 17 evolve as a target of selection from interspecific competition using Ipomoea purpurea and I. hederacea, 18 two closely related morning glory species that commonly co-occur in the United States. We show that 19 belowground competitive interactions between the two species can alter the pattern of selection on root 20 traits in each species. Specifically, competition with I. purpurea changes the pattern of selection on root 21 angle in I. hederacea, and competitive interactions with I. hederacea changes the pattern of selection on 22 root size in I. purpurea. However, we did not uncover evidence that intraspecific competition altered the 23 pattern of selection on any root traits within I. hederacea. Overall, our results suggest that belowground 24 competition between closely related species can influence the phenotypic evolution of root traits in 25 natural populations. Our findings provide a microevolutionary perspective of how competitive 26 belowground interactions may impact plant fitness, potentially leading to patterns of plant community 27 structure. 28 29
Introduction 51
The purpose of this work is to determine if belowground competition between two morning glory 103 species-Ipomoea purpurea and I. hederacea-can influence the phenotypic evolution of root traits in 104 either species. I. purpurea and I. hederacea are two closely related vines and are common weeds of 105 agriculture in the southeastern and Midwest US. They are most commonly found growing naturally in 106 agricultural fields or in areas of high disturbance (Baucom et al. 2011 ). In some fields, both species are 107 found to co-occur and intensely compete by vining together above ground; in other fields only one of the 108 species may be present (personal observation, RS Baucom) . Previous work has established that 109 competition from one species can alter the pattern of selection on the other. Smith and Rausher (2008) 110 manipulated the presence of I. purpurea and experimentally showed that competition between the two 111 species for pollinators can lead to divergence in the floral morphology of I. hederacea. Because these 112 species interact in other ways, and share similar morphology as well as resource needs, it is likely that 113 other competitive interactions between the two can lead to trait divergence-namely, root trait divergence 114
following belowground competitive interactions. 115
Here, we examine the potential that competitive interactions between these two closely related 116 species can drive the evolution of root traits, and we do so by addressing some of the criteria for 117
demonstrating the process of character displacement (detailed in Schluter and McPhail, 1992) . We first 118 characterize the extent of phenotypic overlap in early growth root traits between I. purpurea and I. 119
hederacea to determine if the species overlap in the same below-ground niche and then examine the 120 potential for genetic variation underlying these traits. We likewise investigate the potential that natural 121 selection can drive the evolution of root traits in field conditions. We specifically asked the following 122 questions: How do root traits vary within and between species, and to what extent do the species exhibit 123 phenotypic overlap? Is there evidence for genetic variation underlying root traits of either species, 124
indicating that traits can respond to selection? Does belowground interspecific competition between I. 125
purpurea and I. hederacea impose selection on root traits, and is there evidence that within-species 126 competition (specifically, I. hederacea-I. hederacea competition) similarly acts as an agent of selection? 127
Because the adaptive potential of traits can be obscured by plasticity when in competition, we also 128 examine the potential that the presence of a competitor can directly impact root phenotypes. To our 129 knowledge, this is the first study to explicitly test the potential that root traits may exhibit evidence of 130 selection as a result of competitive interactions. 131 132
Materials and methods 133 Study system-The common morning glory, Ipomoea purpurea (L.) Roth (Convolvulaceae) and ivy leaf 134 morning glory, I. hederacea (L.) Jacquin are self-compatible annual climbing vines that commonly co-135 occur throughout the eastern United States. The two closely related sister species occur in similar habitat 136 types (e.g. side of train tracks, agricultural fields, road sides and waste areas). Both species germinate 137 between the months of May and August and begin to flower about six weeks after germination and 138 continue to flower until they die at first frost. The species have similar above-ground growth patterns and 139 produce long stems that branch occasionally. I. purpurea is larger (up to 3 m long) compared to I. 140
hederacea (up to 1.82 m long). Belowground, I. purpurea and I. hederacea have fibrous root systems 141
consisting of a primary root with branched lateral roots, and both species vary greatly in the degree of 142 lateral root branching (personal observation; see fig. 1 ).
143
The history of coexistence between I. purpurea and I. hederacea is only partially known. 144
Evidence suggests that I. purpurea is native to Central America ( 1 ). We elected to focus on these specific traits because they are relatively straightforward 201
to measure across different growing conditions and they also play a vital role in plant resource use and 202 uptake (Wasson et al. 2012; Paez-Garcia, et al. 2015) . Prior to data collection, ImageJ was first globally 203 calibrated with the set scale tool in order to obtain measurements in metric units for all of the following 204 Figure 1. Example of an Ipomoea individual growing in rhizotron containing soil (left) and root traced in photoshop (right). Landmarks are placed to estimate root system width (distance between landmark B and D), primary root length (vertical distance between landmark A and C) and left and right root angle (inner angle formed between A, C with respect to B and D, separately for the left and and right root angles, respectively). The grey dashed line indicates the distance calculated for root system width and primary root length, and the red shaded region and solid red arcs indicate the root angle estimated for left and right angle, respectively.
procedures. To obtain primary root length, root system width and root angle, first we used the multi-205 pointer tool and placed a total of four points along the root tips of the root system image in the following 206 order: 1) primary root at the root stem surface, 2) root tip of the left outermost root, 3) primary root tip 207 and 4) root tip of the right outermost root. 208
We used the statistical programming language R (R Core Team, 2017) to calculate primary root 209 length, root system width and root angle (the script is available in GitHub at 210 https://github.com/SaraMColom/Selection_RootTraits_2016_2017). For primary root length, we 211 calculated the vertical distance between the primary root at the soil surface and the tip of the primary root. 212
We estimated root system width as the euclidean distance between the outermost lateral root tips. To 213 estimate root angle (θ) we used the cosine formula, 214
on a right triangle formed by the primary root (the longest root perpendicular to the soil surface), and 216 each of the outer lateral roots. Here, b is the distance between the primary root and the outermost lateral 217 root tip, c is a measure of the length of the primary root calculated above, and a is the length between the 218 outermost lateral root tip and the primary root tip ( fig. 1 ). Root angle was calculated for both the right and 219 left lateral roots, separately averaged, and reported in degrees. We elected to use the angle made between 220
the primary root and the outermost left and right lateral roots because previous research has shown that 221 this trait is indicative of root architecture types ( competition to determine if, at least for this species, within-species competition could influence the 235 evolution of root traits. We used eight maternal lines of I. purpurea and I. hederacea from a single 236 population from Pennsylvania (PA4). We decided to use maternal lines from this population since 237 preliminary greenhouse data demonstrated high phenotypic overlap between both species for this 238 population ( fig. B1 ). We did not fertilize the field beforehand, nor is it land that has crop rotation. We although we were likewise interested in the potential that intraspecific competition in I. purpurea could 249
influence root trait evolution in this species, we elected to examine this only in I. hederacea due to both 250
field space limitations and the experimental difficulty of phenotyping large numbers of root systems in 251 the field. 252
Seeds were planted into experimental units (i.e. cell with either a single plant for the absence of 253 competition, or two plants for the competition environment) which were arrayed across the four spatial 254 blocks in a completely random block design. Experimental units were spaced uniformly 1m from each 255 other; individuals in competition treatments were planted 8 cm apart from each other within their 256 experimental unit. One week after planting we scored germination. Due to intense drought < 48% of 257 seeds germinated overall. The average precipitation for June in 2017 in Ann Arbor, MI was 0.10 cm. In 258 comparison, the average preciptation was 0.18 cm and 0.20 cm in 2016 and 2018, respectively based on 259 data collected online from National centers for Environmental Information (NCEI; Menne et al. 2012 ).
260
We thus planted a second experimental cohort (cohort 2) on June 19, 2017 to increase sample size, and 261 this cohort was planted to conserve the same level of replication across all experimental units. We had 86 262 % germination success with replanted individuals, and ended with a total 1177 plants of which 670 plants 263
were in interspecific competition, 341 plants were in intraspecific competition, and 166 plants in the alone 264 treatment; of our final sample, 56% came from cohort 1 and 44% came from cohort 2. Throughout the 265 timespan of the field experiment we kept the immediate surroundings of each experimental unit (~15 cm 266 from base of plants) clear of weeds. Three weeks after the first planting date we placed 1m tall bamboo 267 stakes at the base of every experimental plant at a 45° angle, which allowed us to train vines of competing 268 plants away from another, thus removing the potential for above-ground competition. 269
271
Field root excavation-To characterize the phenotypic variation of root traits of I. purpurea and I. 272
hederacea grown in field conditions with and without competition, we adapted the 'shovelomics' 273 excavation method described by Colombi et al. (2015) . We harvested roots after three weeks of growth on 274 a subset of plants in the field. For root phenotyping, we sampled individuals only from cohort 1 because 275 individuals from cohort 2 were small and not reproductively mature, whereas most individuals of cohort 1 276 had developed flower buds. We sampled between two to four replicates per maternal line from both 277 competition treatments-specifically, we sampled a total of 165 I. purpurea individuals, (N = 23 and N = 278 142 from the alone and interspecific competition treatments, respectively), and a total of 304 I. hederacea 279 individuals (N = 31, N = 132, N = 141 from alone, interspecific and intraspecific competition treatments, 280 respectively). To excavate roots, we cut the stem 5 cm from the soil surface, marked the side of the stem 281
facing the competitor with a permanent marker and then dug the root system with a shovel by placing the 282 shovel head at 45 degree angle, 15 cm from the plant stem. This method unearthed the first 15 cm of the 283 fig. 3 ). After user specification of the stem/soil 304 surface, REST draws a rectangular region of interest for pixel analysis to standardize measurements 305 across images. All root measurements were quantified from the pixels lying within this region of interest.
306
REST returned the root angle (right and left root angle), root system width ('Max width') and a root 307 system size proxy ('Area convex hull'), among other morphological and architectural traits. We focused 308 on these three root traits because they are similar to the traits captured in our greenhouse study. Root 309
angle (left and right) are determined by calculating the outermost angle between the top most lateral root 310 and the soil surface plane at the plant stem, and then subtracting this value from a perpendicular line (i.e. 311
90°) drawn at the plant stem. The root system width captured in REST is the same measurement as taken 312
in the greenhouse rhizotron study as they were both estimated as the euclidean distance between the root 313 tips of the left and right outermost lateral roots. In contrast, root system size estimated from the 314 greenhouse rhizotron study and REST program were similar, but not identical. Root size from the 315 greenhouse rhizotron study was based on the total area of root derived pixels, and root size in REST was 316 based on the convex hull of all root derived pixels. We do not have data for primary root length from 317 plants grown in the field because this trait was destroyed in the process of sampling the roots. 318 319
Field plant fitness data-We began to collect mature fruit in the month of September and continued to do 320 so until late October when all plants have senesced. The entire aboveground of all remaining plants were 321 collected by first frost and seeds were manually removed, cleaned, and counted with a seed counter to 322 obtain an estimate of total fitness. We sampled 165 individuals of I. purpurea (N = 23 and N = 142, from 323 alone and competition treatments, respectively), and 304 individuals of I. hederacea (N = 31, N = 132, 324
and N = 141, from alone, interspecific and intraspecific competition treatments, respectively maternal line x treatment interactions for any trait. We thus elected to exclude these effects from our final 353 models. As above, we visualized phenotypic variation in root traits between species when grown in field 354 conditions by performing principal component analysis (PCA) with a correlation matrix on all traits 355
including root system size, root system width and average root angle. In addition, we generated a 356 correlation matrix using the family mean values for all the root traits measured for each species separately 357
to examine relationships between the three traits.
359
Selection analyses-We used genotypic selection analyses (Lande and Arnold, 1983; Rausher 1992) to 360 estimate selection gradients on each root trait in each competition environment, and ANCOVA to 361 determine if competition and experimental block altered selection on root traits of the two species. We 362 elected to perform a joint selection analysis using maternal line averages of the root traits because it 363 allowed us to examine direct selection acting on each trait while controlling for environmentally induced 364
biases (Rausher 1992 ). The maternal lines were averaged by species, treatment and cohort for our 365 selection gradient analysis. We estimated selection gradients on root system width, root system size, and 366 root angle of both species in each competitive treatment environment (alone and, interspecific and 367 intraspecific competition) by performing multiple regression with the focal root traits included as 368 predictor variables and relative fitness (total seed number divided by the mean seed number by species 369
and treatment) as the dependent variable. For all selection analysis, we used mean standardized root trait 370 values and untransformed relative fitness. Preliminary analysis indicated that individuals of both species 371 from the second cohort produced significantly fewer total seeds than individuals from the first cohort (I. 372
purpurea: F 1 = 100.3, p-value < 0.001; I. hederacea: F 1 = 213.9, p-value < 0.001), but preliminary 373
analyses also provided no evidence that selection gradients differed between cohorts within either species 374
for any root trait. Thus we elected to combine cohorts in the genotypic selection analyses (cohort 1 N = 375 141 and cohort 2 N = 367). Further, while we examined the potential for non-linear selection influencing 376 root traits in preliminary analyses, we did not find evidence of either stabilizing or disruptive selection 377 acting and thus present only the results of linear selection analyses. 378
We used analysis of covariance (ANCOVA) to determine if the direction and/or intensity of 379 selection varied between the presence and absence of competition (Wade and Kalisz, 1990 ) separately for 380 each species. For I. purpurea, we compared selection gradients between plants grown in interspecific 381 competition or grown alone, and for I. hederacea, we compared selection gradients from inter-or 382
intraspecific competition with that of plants grown alone. In each analysis, models included competition 383 treatment, block, the standardized root trait values, and all interactions as predictors of relative fitness. 384
Significant interactions between the competition treatment and standardized root traits indicate that 385 selection gradients differed between treatments. Block and block x treatment interactions were likewise 386 included within the ANCOVAs. 387 388
Results 389
Greenhouse experiment-In our greenhouse rhizotron study assessing early root traits, we found 390 significant variation between species in root system width and average root angle ( overlap of root phenotypes between species (fig. B1A ). The root system width, root angle and primary 397 root length loaded most strongly on the first principal component, which captured 37.3% of the total 398 variation ( fig. B1B ), and root size loaded most strongly on the second principal component, which 399
explained 29.1% of the total variation ( fig. B1C ). These first two PCA's can thus serve as descriptors of 400 root system architecture (i.e. spatial arrangement of root system) and root size, respectively. 401 402 Additionally, we found evidence for both population and maternal line variation in root traits. We 407 found significant population variation for root system width and root system size, and variation among 408 maternal lines for root system width, root angle, and primary root length (table 1) . Separate mixed 409 models, performed per species, identified significant maternal line variation within I. purpurea for root 410 system width (χ 2 = 7.46, p-value = 0.01) and root angle (χ 2 = 4.05, p-value = 0.04), and marginally 411 significant maternal line variation for root size (χ 2 = 3.63, p-value = 0.06). We identified maternal line 412 variation within I. hederacea for root angle (χ 2 = 8.63, p-value < 0.01), and marginally significant 413 maternal line variation for primary root length (χ 2 = 3.10, p-value = 0.08).
415
Field experiment-A visualization of root system width, size, and root angle in a principal component 416
analysis showed a high overlap between species in root phenotypes ( fig. B1 ) in plants grown in the field. 417
We identified maternal line variation in root system width (table B1) ; a within species examination 418
revealed this result to be driven by I. purpurea (χ 2 = 4.69, p-value = 0.03). We further found a significant 419 and strong correlation between root size and root width (r = 0.85, p-value < 0.001; table B2) in I. 420 purpurea, whereas there was evidence for strong and significant positive correlations between all root 421 traits within I. hederacea (root width and root angle r = 0.59; root size and root angle r = 0.60; root size 422 and root width r = 0.80; p-value < 0.001 for all pairwise traits; table B2). 423
With the exception of a marginally significant treatment effect on root size (F 2 = 2.33, p-value = 424 0.10; table B1), we found that interspecific competition in the field did not strongly influence root 425 phenotypes of either species. A closer examination of the linear mixed models within species suggested 426 that this treatment effect likely impacts I. hederacea (F 2 = 2.10, p-value = 0.12) but not I. purpurea (F 2 = 427 0.04, p-value = 0.84). However, there was a strong effect of competition on fitness, with I. purpurea 428 experiencing a fitness reduction of 30.31% and I. hederacea a reduction of 36.47% when in interspecific 429 competition. I. hederacea planted in intraspecific competition likewise experienced a significant fitness 430 reduction (39.67 % lower than plants grown alone). Intraspecific competition between I. hederacea plants 431
led to slightly lower fitness than when grown in interspecific competition (i.e. 6.16% reduction in intra-432 versus interspecific competition), but this difference was not significant (table 2) . 433 434 Given the functional importance of root systems, we hypothesized that competition between two 465 closely related species could impose selection on root traits, and that selection could promote divergence 466 in such traits. However, there are few, if any, examinations of the potential for selection on root traits in 467 field conditions. Thus, we characterized the phenotypic variation in root traits of two closely related 468 species, determined if genetic variation in these traits was present both within the greenhouse and in the 469 field, and examined the potential that competition changed the pattern of selection on roots. From our 470 greenhouse experiment, we found early growth root traits to differ significantly between the species, and 471 found evidence for genetic variation underlying traits-both between population variation and maternal 472 line variation. Results from our manipulative field experiment showed that in the absence of competition 473
there was a trend for positive linear selection acting on root size in I. purpurea, but no evidence for the 474 same pattern of selection in the presence of competition. Interestingly, we found selection acting on 475 different traits in I. hederacea: in this species, we found positive selection acting on root angle when in 476 the presence of competition with I. purpurea, but no evidence of selection on this trait in the absence of 477 competition. Somewhat surprisingly, we found no evidence of selection on root angle (or any root trait) in 478 I. hederacea when in the presence of intraspecific competition (i.e., I. hederacea-I. hederacea 479 competition). Thus, competition below-ground from I. purpurea promotes the evolution of broader root 480 angles (i.e. a more shallow root system) in I. hederacea, but the same effect is not seen in I. hederacea 481 when in within-species competition. 482 resources are readily available for uptake and in turn how plants compete for such resources (Lynch, 485 2005) . This provides a likely explanation for the pattern of selection we identified for I. hederacea in the 486 presence of interspecific competition; because shallow lateral roots enable the exploitation of nutrients 487
near the soil surface, individuals with shallow roots may be at a fitness advantage when in the presence of 488 a competitor compared to individuals with deeper root systems. In support of this idea, shallow rooting 489 systems have been shown to be advantageous in common bean, maize and rice when grown in 490 environments that are limited by phosphorus and other resources that accumulate in the topsoil ( From an ecological standpoint, it is somewhat puzzling that selection favors a larger root system 493 in I. purpurea when competition is absent, but not when competition is present. Larger root systems allow 494
for greater exploitation of soil nutrients and water, and have been shown to be correlated with increased 495 fitness in other species (Svačina and Chloupek, 2014; Ehdaie and Waines, 2008) . As such, we expected to 496 identify selection for larger root systems regardless of competitive environment. A potential explanation 497
for our findings is that root traits that were not measured here-primary root length, lateral root 498 placement, and/or hair root density-may play an important role in resource uptake in the presence of 499
competition. An investment in greater root foraging precision, as well as selection on traits that optimize 500 resource uptake efficiency could potentially reduce the deleterious effects of competition. Thus, it is 501 possible that root size is not under selection when these two species compete because selection is instead 502
acting on traits that increase resource uptake efficiency (Fitter et al. 1991 Although we identified selection on only two traits-root size and angle-the strong correlations 505
we uncovered between root width, size, and root angle suggests traits not under direct selection will likely 506 evolve due to indirect selection. We identified strong positive correlations between root width, size, and 507 angle in I. hederacea, indicating that width and size may evolve indirectly given selection on root angle. 508
In I. purpurea, the strong positive correlation between root width and size, and pattern of positive 509 selection on root size, suggests that root width should likewise experience indirect positive selection. That 510
we found no evidence of correlations between root angle and root width and size in I. purpurea suggests 511 root angle may evolve with fewer constraints in this species. It is likewise notable that we uncovered 512 genetic variation underlying only root width in I. purpurea in the field experiment; however, this result is 513 not particularly surprising given that genetic variation in field conditions is often obscured by high 514 environmental variation (Conner, 2003) . Notably, in our greenhouse experiment, we found evidence for 515 both population and maternal line variation on root traits in both species, suggesting these traits have the 516 capacity to evolve either through selective pressures or as a result of genetic drift. 517
Further, while we identified different patterns of selection across the competitive environments 518 between the two species, we found suggestive, but limited, evidence for plasticity in the root traits of 519 either species as a result of competition. Plant root systems can impact the root growth of other closely 520 neighboring plants either indirectly via altering the physical and chemical soil environment and/or 521 directly through the excretion of signaling and/or allelopathic molecules (Schenk 2006 we report here suggest that these two Ipomoea species may lack a mechanism to modify their root growth 529
in competition, that plasticity may be occurring in other, unmeasured traits, or simply that the effect sizes 530 on root trait changes due to competition were small, and high variance due to other environmental factors 531 (e.g. potentially the influence of drought in the 2017 field season) reduced our ability to identify 532 significant plasticity in root traits given competition. 533 Importantly, the belowground plant-plant competition imposed by our experimental design led to 534 reduced fitness of both species-around 35% fewer seeds produced by each species in the presence of 535 competition (whether interspecific and intraspecific)-indicating that although we did not uncover root 536 trait plasticity, there was clearly a cost imposed by the presence of belowground competition between and 537 within species. We note, however, that the strongest trend in reduced root size occurred when I. 538
hederacea was planted in intraspecific competition relative to interspecific competition. This suggests I. 539
hederacea may potentially be decreasing overall plant growth as an adaptive response to reduce 540 intraspecific competition. Such a potential plastic response within I. hederacea when in competition with 541 a congener may explain why we did not detect evidence for selection from intraspecific competition on 542 root traits in this species. 543
Overall, our finding of different patterns of selection acting on root traits in the different 544 competitive treatments indicates that plant-plant competition can act as a selective agent on root traits. 545
That we identified selection on different root traits between species is consistent with the idea of niche 546
partitioning, which predicts greater divergence in resource associated traits between species to reduce 547 competition for limiting resources (MacArthur and Levins 1967 to show that interactions between two closely related, co-occurring species elicits selection for different 552 patterns of root traits. Hence, it is possible that competition between the two Ipomoea sister species 553
promotes the divergence in resource-related root traits. 554
Finally, although our research provides the first experimental evidence that belowground 555 competition can influence the evolution of root traits in these two related species, we are not showing the 556 outcome of such competitive interactions across many natural populations. More specifically, while our 557 study supports the idea that the adaptive process can occur in root traits as a response to belowground 558 competition, we do not explicitly test for broad-scale patterns that would suggest such interactions have 559 led to trait divergence (i.e., divergence in root traits where the species co-occur versus similarity in areas 560
where they do not co-occur). Future work testing for patterns of phenotypic evolution in root traits 561 between multiple naturally occurring populations of these two species is thus needed to draw conclusions 562
for, if and how competition belowground has influenced the evolution of root traits in natural populations 563 across the landscape. 564 565 566 567
Acknowledgements 568
We thank Corlett Wood for helpful comments on earlier versions of this article. We also thank Tyler 569
Marrs for help with the construction of rhizotrons and wooden frames, and Andres Ibarra, Megan Van of four rhizotron frames. First saw each 10' wooden board in half to obtain a total of eight 5' boards and then saw 789 each 4' wooden dowel in half to obtain a total of 160 2' dowels. Measure and draw out 40 evenly spaced dots on the 790 10' board approximately two inches from the top edge. For every of the 40 evenly spaced dots, draw a dot 4" 791 beneath it at 30 degrees relative to the dots above. Drill a ½" hole where each dot is located. Make sure that each 792 board looks identical with their holes matching up. Finally, line up two boards 2' apart and insert the ends of the 793 dowels on the corresponding holes of the boards using wood glue at the tips to make sure they stay in place. Repeat 794 this process until dowels have been placed in all the holes in order to create the frame. 795 796 797 Figure A2 . The rhizotron greenhouse experiment. Each rhizotron was maintained at a thirty degree angle 798
with the use of custom built wooden frames (right 
